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Abstract. Non-intrusive, reliable and precise torque measurement is critical to dynamic performance 
monitoring, control and condition monitoring of rotating mechanical systems. This paper presents a 
novel, contactless torque measurement system consisting of two shaft-mounted zebra tapes and two 
optical sensors mounted on stationary rigid supports. Unlike conventional torque measurement 
methods, the proposed system does not require costly embedded sensors or shaft-mounted electronics. 
Moreover, its non-intrusive nature, adaptable design, simple installation and low cost make it suitable 
for a large variety of advanced engineering applications. Torque measurement is achieved by 
estimating the shaft twist angle through analysis of zebra tape pulse train time shifts. This paper 
presents and compares two signal processing methods for torque measurement: rising edge detection 
and cross-correlation. The performance of the proposed system has been proven experimentally under 
both static and variable conditions and both processing approaches show good agreement with 
reference measurements from an in-line, invasive torque transducer. Measurement uncertainty has 
been estimated according to the ISO GUM (Guide to the expression of uncertainty in measurement). 
Type A analysis of experimental data has provided an expanded uncertainty relative to the system 
full-scale torque of ±0.30 % and ±0.86 % for the rising edge and cross-correlation approaches, 
respectively. Statistical simulations performed by the Monte Carlo method have provided, in the worst 
case, an expanded uncertainty of ±1.19 %. 
Keywords: non-intrusive torque measurement, zebra tape, pulse train time shift, shaft twist angle, pulse train 
rising edge, cross-correlation, uncertainty 
1. Introduction 
Torque is a fundamental operating parameter of rotating mechanical systems. Some of the most common 
industrial applications of torque measurement include both conventional [1][2] and emerging [3][4] power 
generation, electric motor testing [5], robot arms [6], marine [7] and automotive [8] industry. Power and 
efficiency optimisation based on highly accurate and reliable torque measurement, besides enabling 
significant energy savings, fits to the steadily increasing requirements of the international regulation, 
especially for large mechanical drives with high nominal torque [9], such as marine engines [10]. Despite 
torque measurement and control being critical to dynamic performance monitoring, condition monitoring for 
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predictive maintenance and control of mechanical systems, reliable measurements can be difficult to obtain 
in a cost-effective and non-intrusive manner.  
The methods used to measure torque can be divided into two categories, either direct or indirect.  
Direct methods use in-line torque transducers, already calibrated by the manufacturer, which are integrated 
into the drive shaft. These sensors have some susceptibility to noise and require bearings for support, which 
also implies maintenance. The major obstacle to the industrial application of direct measurement systems is 
the costly and intrusive nature of the required equipment, which is impractical for short-term use, particularly 
on large systems. The act of mounting the in-line transducer may also change system dynamics and, 
consequently, torque values. Moreover, direct measurements cannot be implemented when the rotating 
mechanical system design does not allow adapting the shaft design or lengthening the drivetrain to 
accommodate the in-line transducer. 
Indirect methods are based on the measurement of torque-related parameters and subsequent torque 
calculation. These methods have the advantage of avoiding modifications to the original shaft, therefore 
minimising the impact on mechanical design and not modifying the static and dynamic behaviour of the 
shaft. The conventional indirect systems are based on measurement of surface strain or angle of twist [11]. 
Surface strain measurement systems typically use either strain gauges, directly bonded on the shaft body in a 
Wheatstone bridge configuration, or magnetostrictive methods. These methods rely on the change of 
resistance [12] or magnetization properties of the material [13], respectively, when torque is applied. Strain 
gauges are the most commonly used in industrial applications thanks to their low cost and high sensitivity. 
However, the main limitations of this method are the complexity of installation of the sensors on cylindrical 
surfaces, the need to install electronics on the rotating shaft, the requirement for specialised personnel 
required for installation, usability, resolution, noise susceptibility and the requirement for regular calibration. 
Moreover, unwanted forces can create unintended directional disturbance, such as crosstalk phenomena, that 
can increase the uncertainty in the measured loads and reduce accuracy [13]. Angle of twist measurement 
methods are based on the measurement of the phase between two points on the shaft, separated by a suitable 
distance, through magnetic or optical angular position sensing [7]. The first use toothed gears which are 
angularly displaced with respect to each other as the shaft shift twist angle increases, thereby increasing the 
electrical phase difference between the signals measured by magnetic pickups [13]. Conventional optical 
Page 2 of 31AUTHOR SUBMITTED MANUSCRIPT - MST-106662.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
c
pte
 M
an
us
cri
pt
Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes                           3 
 
methods use slotted discs which move with respect to each other as torque is applied, thereby changing the 
on-times of light pulses created by the shutter actions of the rotating discs [14][15]. Both systems can be 
retrofitted to existing systems and do not have the inherent complexity of strain gauge installations. 
However, they require the installation of quite large rings and plates around the shaft which can be 
impractical in some industrial applications, such as in-vehicle and mobile measurements, due to space 
constraints. They also suffer from environmental factors such as dust, humidity, temperature, vibration, 
electromagnetic interference and aging. In addition to performance limitations, these methods usually suffer 
from low range-to-resolution ratio [11]. A laser torque meter was first presented in [16] and later analysed in 
[17][18][19]. This instrument is based on the cross-correlation of the periodic speckle patterns generated by 
two axially separated laser beams on a rotating shaft, having known mechanical proprieties. Even if this is a 
smart non-contact approach, it suffers from decorrelation of speckle patterns due to shaft displacement and 
tilt, making its practical application difficult. Several advanced contactless torque measurements techniques 
have been researched recently, such as the photo-elastic torque sensor based on the birefringence effect of 
optically anisotropic materials [20] and the non-contact Hall effect design sensor [21]. However, most of 
these sensors have significant limitations such as requiring torque sensitive materials to be attached on the 
shaft surface, such as ferromagnetic and piezoelectric materials, and limited speed range and resolution. 
Moreover, very few solutions can provide both shaft torque and speed measurement from the same sensor, 
which is useful whenever one desires to measure mechanical power. 
This paper presents a novel and simple contactless torque and speed measurement system consisting of two 
zebra tape codes directly glued around the shaft with two optical sensors mounted on non-rotating supports. 
This technique operates entirely contact-free and allows torque measurement on standard installations, across 
their operational life, avoiding the use of permanently installed in-line intrusive torque meters, by simply 
instrumenting the existing shaft with the two zebra tapes located as far as possible from each other. The use 
of optical sensors and zebra tapes on rotating shafts is not new; however, literature reports only application 
for torsional vibration measurement [22][23], while this research proposes their use for torque measurement. 
This paper introduces the operating principle of the proposed non-intrusive torque measurement system and 
its experimental implementation and validation. Two different approaches for processing the optical probe 
pulse train signals and estimating the shaft twist, and hence the applied torque, are then presented. After 
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calibrating the system under stationary conditions, its response and performance under both static and time-
varying torque conditions is demonstrated by comparing the results of the two proposed signal processing 
approaches against the reference measurements from an in-line torque transducer mounted on the test bench 
shaft. 
2. Methodological approach 
A torque acting on a shaft causes the shaft itself to twist, with one end rotating with respect to the other by an 
angle displacement . Assuming a uniform circular cross-section and linear homogenous elastic material, the 
relationship between the torque applied to a rotating shaft, T [N m], and the relative rotation of the ends of 
the shaft section,  [rad], is described [24] by: 
      	 (1) 
where I is the rotating system moment of inertia [kgm
2
], C is the shaft damping coefficient [kgm
2
s
-1
rad
-1
] and 
K is the shaft torsional stiffness [N m/rad]. 
The non-intrusive torque measurement system proposed in this paper employs a set of two zebra tapes and 
two optical probes, one at each end of the shaft, as shown in Figure 1. 
 
Figure 1. Operating principle of the non-intrusive torque measurement system. 
The zebra tapes feature an equal number of equidistant black and white stripes and are glued around the 
shaft. As the shaft rotates, each optical sensor, mounted on a non-rotating component, generates a pulse train 
signal proportional to the light intensity reflected by the zebra tape stripes. When a torque, T, is applied to 
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the shaft, the relative rotation of the ends of the shaft section, , results in a time shift, ∆t, between the two 
pulse train signals. The principle of the proposed method is to quantify the shaft relative twist angle by 
measuring the phase difference between the two pulse signals and thence deriving the applied torque, from a 
known torque-twist relationship. This is achieved according to the following procedure: 
1) Estimation of the time shift, ∆t [s], between the pulse trains measured by the two optical probes; 
2) Measurement of the pulse trains period, τ [s], and calculation of the shaft rotational speed, n [rpm]: 

  60	 (2) 
where ppr is the number of pulses per shaft revolution; 
3) Conversion of time shift to absolute angular shift, θa, according to [25]: 
  260 
∆ (3) 
The shaft absolute twist angle, θa, could be different to the shaft relative twist angle, θ, due to the mounting 
misalignment between the two optical probes and/or the two zebra tapes. This error manifests itself as an 
apparent angular shift, θa,0, at the no load condition; 
4) Calculation of the shaft relative twist angle, θ, according to the following equation: 
  	 − , (4) 
5) Estimation of the shaft torque based on the known calibration curve, that is the relationship between the 
shaft relative twist angle  and torque T for a given shaft and material. 
One of the main advantages of this approach is that it allows the measurement of a wide torque range by 
carefully designing the zebra tapes and their distance along the shaft. This makes it suitable for a large 
variety of engineering applications.  
3. Experimental set-up 
Experiments were performed to calibrate and validate the proposed non-intrusive torque measurement 
system. The calibration was performed by comparing the zebra tape torque meter with a reference state-of-
the-art measurement technique; in particular, we have used an industrial in-line torque meter based on the 
principle of a variable, torque-proportional transformer coupling. This technology is robust against 
electromagnetic interference and temperature effects; therefore, the system can be effectively used as a 
reference for calibration. Figure 2 provides a schematic of the torque test rig developed at Durham 
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University, in collaboration with Università Politecnica delle Marche. Figure 3 shows the implemented test 
stand with its main components and instrumentation.  
 
Figure 2. Schematic diagram of the torque test rig. 
 
Figure 3. Main components and instrumentation of the torque test rig. 
The test rig comprises a 4-pole 4 kW grid-connected induction generator driven by a 4-pole 4 kW induction 
motor controlling the speed profile. Both machines are manufactured by ABB Motors. The motor shaft speed 
is varied via an inverter drive up to 2100 rpm. The generator is connected to a variable transformer to vary its 
stator voltage and hence the shaft torque in the range from 0 to 16 N m.  
The main rig solid shaft, shown schematically in Figure 4, features a reduced diameter cross-section in its 
central part for experimental purposes in order to enhance sensitivity with respect to the test rig torque range 
and hence achieve a higher twist angle  for the same applied torque. Indeed, this allows angular shifts of the 
same order of magnitude as would be observed in the case of larger torques applied to larger diameter shafts 
in industrial applications, despite the limitations of the maximum torque possible using this test rig. 
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A high-quality, laser-printed zebra tape is glued around each end of the shaft. The passage of the alternating 
light and dark stripes is measured by two Optek OPB739RWZ reflective line reader sensors placed at the 
optimum distance of 0.76 mm from the target, as shown in Figure 5.  
 
Figure 4. Solid shaft layout and location of the two zebra tapes. 
 
  
Figure 5. Detail of the contactless shaft torque measurement system. 
First, the output from the two optical probes is transformed into a series of square pulses through a Schmitt 
trigger. The pulses are then acquired by a National Instruments (NI) 16-bit data acquisition system (USB-
6211 DAQ) driven by the LabVIEW data acquisition environment. The sampling frequency, fOP, is set at 125 
kHz, the maximum possible for the NI USB-6211 DAQ hardware.  
An in-line Magtrol TMB 313/431 torque transducer, with a rated torque of 500 N m and a combined error of 
linearity and hysteresis less than ±0.15 % of the rated torque, acts as a reference for calibration and 
comparison with the optical non-intrusive system output. The transducer is capable of outputting 60 pulses 
per revolution for speed measurement so is also used as a reference tachometer. The torque transducer output 
is collected through a Magtrol 6400 torque display which is connected by a GPIB/IEEE-488 interface to the 
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LabVIEW data acquisition environment. The time synchronisation between the torque transducer and the 
optical probes’ readings is obtained by comparing the Unix timestamp of the two system acquisitions. 
3.1 Zebra tape design 
The design of the zebra tape, particularly the number of pulses per revolution, has a significant impact on the 
precision of the torque measurements [26]. For a given shaft and zebra tape design, the maximum 
measurable phase difference between two pulse signals is given by half the zebra tape period, that is half the 
length of each of its black-white segments, corresponding to 180° phase shift. Indeed, any twist larger than 
half the period of the zebra tape would be confused with a lower one, as always happens in periodic signals. 
When designing the zebra tapes, the minimum zebra tape period, Pmin [m], can be calculated as a function of 
the maximum torsion angle of the shaft expected during operation, θmax:   
 > 2 r (5) 
where θmax, [rad] is given by: 
   !  (6) 
where Tmax is the maximum torque expected during operation [N m], L is the distance between the two 
optical probes [m], J is the shaft polar moment of inertia [m
4
] and G is the shear modulus of elasticity for the 
shaft material [Pa]. The corresponding zebra tape maximum allowable number of pulses per revolution, 
pprmax, can then be calculated as: 
  "
 # 2$ < 22 	 (7) 
where r [m] is the shaft radius and int the integer part function. 
In the case of the experimental test bench described in this work, given the shaft geometry and the maximum 
torque achievable during operation (16 N m) equation (7) provides a maximum allowable number of pulses 
per revolution of 45. Within this constraint, the choice of the zebra tape design is a key factor influencing the 
performance of the proposed torque measurement system. The larger the number of pulses per revolution, the 
larger the samples required per revolution, that is the larger the sample frequency of the proposed torque 
transducer, but the more the computational cost needed to implement the data processing. For the purpose of 
this work, the test bench shaft was instrumented with two bar codes featuring 8 equal stripe pairs, with a 
stripe width of 5.5 mm, fitting exactly around the shaft. The selection of 8 pulses per revolution represents a 
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trade-off between uncertainty and computational cost. The zebra tape design was selected so that the 
resulting pulses have a 50 % duty cycle which makes phase shift measurement processing easier. 
Table 1 summarises the features of the zebra tapes used in the test bench. 
 Table 1. Features of the experimental zebra tape. 
Symbol Description Value 
 Zebra tape period (length of each black-white segment)  11.0 mm 
 Number of pulses per revolution 8 
&'((_*+(, Maximum measurable shaft torsion angle 8 
3.2 Optical sensor output 
Figure 6.a shows how the zebra tape passage determines the sensor output. The optical probe emits an 
unfocussed beam which lights the zebra tape surface. An unfocussed optical probe has been chosen because 
it allows for variations of sensor to shaft distance over a larger depth of field with respect to focused probes. 
However, it produces pulses with lower rising and falling edge gradients, with respect to focused probes. 
Scattered light is collected back through a detector with a certain angle of aperture. Light scattering intensity 
from the white surface is significantly larger than that from the black surface. Therefore, even if the zebra 
tape surface has a step profile (Figure 6.b), the scattered light intensity changes continuously from low to 
high during the passage of the white stripe. The change in the radiation reflected to the detector is not abrupt, 
but undergoes a gradual transition along a switching distance XT (Figure 6.c) [27]. The optical probe (OP) 
voltage output results from this gradual change in scattered light intensity due to the motion of the black-
white stripe through the illuminated area (called trip effect) and the first order dynamic response of the 
photodetector (Figure 6.d). A Schmitt trigger is implemented to square the probe output voltage when it 
crosses a pre-set threshold, SL (Figure 6.e), and to convert it into a train of constant amplitude pulses. The 
photodetector signal is squared to produce pulses with almost vertical rising and falling edges, easing timing 
and analysis. 
This train of square pulses will be phase shifted by torque variations, as described earlier. In case of variation 
of the distance between the shaft and the optical probes, the amplitude of the output voltage from the 
photodetectors will vary, resulting in an amplitude modulated signal. This would affect the train of pulses 
Page 9 of 31 AUTHOR SUBMITTED MANUSCRIPT - MST-106662.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
A
ce
pt
d M
an
scr
ipt
Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes                           10 
 
from the Schmidt trigger, which operates on a fixed threshold. The effects of this source of uncertainty will 
be discussed later in the paper. 
 
Figure 6. Optical probe response to zebra tape. 
3.3 Data processing 
3.3.1 Signal pre-processing 
In order to automatically extract the values of the shaft angular shifts from the two zebra tape optical signals, 
dedicated programmes, known as Virtual Instruments (VIs), were developed and built in the LabVIEW 
environment. Figure 7 shows the data processing flow chart of the VIs implemented for pulse train analysis.  
Page 10 of 31AUTHOR SUBMITTED MANUSCRIPT - MST-106662.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
pte
d M
an
us
cri
pt
Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes                           11 
 
 
Figure 7. Data processing flow diagram. 
The data processing consists of two steps: 
1) The shaft rotational speed is calculated by estimating the time per shaft revolution from the rising edges of 
the two pulse trains; 
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2) The shaft absolute twist is calculated by adopting the rising edge detection and the cross-correlation 
approaches. 
Optical probe installation and zebra tape mounting offset could cause initial misalignment of the pulse trains 
at the start of recording with a consequent erroneous estimation of the initial time shift, and hence angular 
shift. To overcome this problem, the signals recorded by the optical probes are first initialised when the data 
system acquisition is started. Figure 8.a-b shows an example of two pairs of similar pulse trains; they feature 
the same time shift, ∆tr, however their recording starts at two different positions with respect to the pulses. 
The time shift measured between their first two rising edges will be different, ∆tr_a and ∆tr_b, respectively. In 
order to avoid this error in the measurements, the optical probe signals, ./ and .1, are initialised by 
forcing the recording to start only when both signals are in the high or low state, i.e. at the instant tp in Figure 
8.c-d. Now, the same time shift, ∆tr, is measured based on the time between the first rising edges of the 
initialised signals, ./0 and .10 . 
 
Figure 8. Signal initialisation. 
The time at which the rising edges of the two initialized signals occur is defined as 23<5 , where i = 1,2, …m, 
with m equal to the number of rising edges in the initialized signals, and k = 1,2 is the index that identifies 
the two optical probes. The rising edge time instants 23<5  are captured by triggered acquisition where the 
threshold level is set equal to half of the peak-to-peak signal amplitude. A flicker filter is also applied to 
∆t
r_a
 ∆t
r
 
.1 
.2 
.1′  
.2′  
.2′  .2 
.1 
∆t
r_b
 ∆t
r
 
.1′  
Initialise Signals 
Time Time 
Time Time 
Initialise Signals 
a) c) 
b) d) 
P
ro
b
e 
O
u
tp
u
t 
 
P
ro
b
e 
O
u
tp
u
t 
 
P
ro
b
e
 O
u
tp
u
t 
 
P
ro
b
e 
O
u
tp
u
t 
 
t
p
 
t
p
 
Page 12 of 31AUTHOR SUBMITTED MANUSCRIPT - MST-106662.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
pte
d M
an
us
cri
pt
Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes                           13 
 
remove rising edge timing errors resulting from possible signal flickering around the trigger level. Flickering 
would result in more than one output from the trigger block for each signal rising edge, i.e. 123<5  and 123<5∗  
in Figure 9. For each pulse train, the filter compares the time interval between two consecutive rising edges 
against that estimated from the expected shaft rotational speed, 1500-1900 rpm, and the number of pulses per 
revolution, 8. When the two values do not match, the filter acts on the signal to keep only the first output 
from the trigger block and remove all other unwanted outputs, that is 123<5∗  in Figure 9. For each signal, the 
output of the flicker filter is a one-dimensional array containing m elements representing the rising edge 
times of the train of pulses. 
 
Figure 9. Flicker filter. 
3.3.2 Shaft rotational speed 
For each zebra tape, the identified rising edge times, 23<5 , where k = 1,2, are then used to estimate the 
corresponding shaft speed, nABA,8C [rpm], by applying conventional speed encoder techniques, according to 
equation (3), as follows: 
nABA,8C  DE7FFGHIJ49KL<5 MEIKL<5         (8) 
where l = 1,2,..,(m-ppr) and A,8	is the mean time of the windows 7NN:O(M/923<5 − (23<5  , calculated as: 
A,8  ∑ EQKL<5
RHSFFG6 STUVQQWRH4JSFFG6 SXFNN:        (9) 
where Y  #SNN:1 S'N$ , … , [\ − SNN:1 S]^_`, with SNN:1 S'Nand SNN:1 S]^_equal to half of ppr rounded up and 
down, respectively. 
Trigger level 
/23<5 					123<5 					123<5∗ 		 … 			23<5  
Flicker filter 
.a′  
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The shaft rotational speed, nB8C, is then calculated as the average of those two speeds to minimise the error: 
nB8C  n/B/,8C  n1B1,8C2  (10) 
where 8 is given by: 
8  /,8  1,82  (11) 
3.3.3 Shaft absolute twist 
3.3.3.a Time shift measurement by direct timing of rising edges 
The rising edge detection approach is the most straightforward method for determining the time delay 
between the pulses. It is based on the measurement of the times at which the rising edges of the two pulse 
trains occur and on the calculation of their relative phase shift, as shown in Figure 10. In the rising edge 
detection approach VI, the time shift between the two pulse trains associated with the signals’ average rising 
edge times, ∆:7b235cccccc9, is calculated as: ∆:7b235cccccc9  2365 − 2345 (12) 
where i = 1,….., m and b235cccccc is defined as: 
b235cccccc  2345  23652  (13) 
 
Figure 10. Phase shift estimation through the rising edge detection approach. 
As already pointed out, tangential and radial displacements between shaft and optical probes, typically 
caused by vibrations or shaft deformation, introduce noise in timing of pulses. This noise is expected to be 
periodic, at the rotational frequency or its harmonics. Therefore, a moving average filter is implemented to 
measure a time delay averaged over a full revolution	∆ccc:B8C. This is implemented as moving average filter 
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over the eight delays ∆:7b235cccccc9	measured during a full revolution, with seven-point overlap over time, 
allowing the calculation of an averaged delay for each pulse, that is one value per zebra tape pulse. 
The eight-point averaged time shift, ∆ccc:B8C, is calculated as: 
∆ccc:B8C  	 l ∆:7b235cccccc9
8OSNN:1 STUVQ
m8O/MSNN:1 SXF
 (14) 
3.3.3.b Time shift measurement by cross-correlation 
The cross-correlation approach allows the measurement of the similarity of the two time series, ./0 and .10 , as a function of the time-lag applied to one of them. Unlike the rising edge detection approach, the 
cross-correlation VI uses the full initialised signals ./0 and .10  to estimate their time shift and not only the 
times at which the rising edges occur (Figure 11).  
 
Figure 11. Phase shift estimation through the cross-correlation approach. 
Cross-correlation is implemented according to [21], as circular cross-correlation, defined as: 
/17a9  /n∑ ./07
9	.107a − 
9nM/m               (15) 
where k = 0,…, N-1 and N, the length of the two signals, is chosen equal to the shaft revolution. This 
algorithm does not require zero padding, but considers the pulse train to be periodic. 
Circular cross-correlation provides an output with 8 peaks, equal to the number of pulses per revolution 
(Figure 11), that correspond to 8 possible time delays, as usual in a periodic function. The delay of interest is 
the smallest one, ∆+, provided that the zebra tape period is larger than the maximum shift, as discussed in 
Paragraph 3.1, equation (5). The other peaks appear because the train of pulses is a periodic function. 
The signals ./0 and 	.10  are progressively circular cross-correlated giving one value of the time shift per 
zebra tape pulse, ∆+B8C, similarly to the case of the rising edge detection approach ∆ccc:B8C. 
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In both approaches, the calculated time shifts, ∆ccc:B8C and ∆+B8C, respectively, depend on the shaft speed. 
According to equation (4), they are converted into shaft absolute angular shifts, _:B8C and _+B8C, 
respectively, by: 
_:B8C  260 
B8C∆o BYC 
 
(16) 
_+B8C  260 
B8CΔt+BYC 
 
(17) 
3.4 Range, resolution and sampling frequency 
For a given zebra tape design (), shaft speed (
) and optical probe sampling frequency (r23), the non-
intrusive torque measurement system features are: 
Range: stnuv  w−&'((xyzI{ , &'((_*+(,|  }−  , ~ (18) 
Resolution:   2
60 ∗ 1r23 (19) 
Using the calibration curve,   \ ∗ , where m is the calibration line slope, equations (18) and (19) allow 
the estimation of the corresponding torque range stnuv and resolution . 
stnuv  stnuv\  (20)   \  (21) 
Sampling Frequency: r+  2
60 ∗ 2  
 ∗ 60  (22) 
Torque samples are then obtained at a non-constant frequency which is dependent on the shaft speed. 
4. Calibration and uncertainty analysis 
4.1 System calibration  
The non-contact optical torque system was calibrated against reference torque measurements from the in-line 
torque transducer in order to fully characterise the torque-twist angle relationship described by equation (1). 
The calibration curve allows the estimation of the torque acting along the shaft by simply recording the zebra 
tape pulse trains, calculating their time shift and hence the shaft angular shift, using either method.  
Steady state tests were performed on the test rig at four different shaft speeds: 1600, 1700, 1800 and 1900 
rpm. For each speed, the calibration procedure consisted of the following steps: 
1) Run the motor to the required testing speed. 
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2) Record the signals from both the optical probes and the torque transducer at no-load (0 volts applied to 
the generator stator) for around 10 s. 
3) Vary the generator stator voltage to increase the shaft torque in steps of 2 N m, starting from an initial 
torque value of 1 N m in the case of the tests run at 1600 and 1800 rpm and 2 N m in the case of the tests 
run at 1700 and 1900 rpm. For each speed, to avoid damage to the generator during operation, the stator 
voltage was varied up to a precautionary safety limit of its armature winding current of 8 Amps; this 
determined the maximum operational torque. Given the available experimental set-up, the calibration 
range was limited to 16 N m, even though the zebra tape had been designed with a period allowing 
measurements up to 62 N m, which therefore represents its full-scale input range. 
4) Record the signals from both the optical probes and the torque transducer for around 10 seconds for each 
applied torque level.  
5) Post-process the optical probe pulse data and calculate the shaft twist using the rising edge detection and 
cross-correlation approaches presented in section 3.3.  
6) Build calibration curves by plotting the shaft relative twist, calculated according to equation (4), against 
the corresponding reference torque measured by the in-line transducer, whose signal was resampled to 
match the time delay sampling frequency.  
The calibration curves resulting from the rising edge and the cross-correlation approaches are shown in 
Figure 12 and Figure 13, respectively, and compared in Table 2. They result from the linear regression of 
experimental data by a straight line using the least square method. As predicted by equation (1), the torque-
twist trend is linear under steady state conditions. The two calibration curves show a similar trend with 
satisfactory R-squared levels, indicating a good fit of the experimental data by the regression line. A 
difference in sensitivity of around 2 % is observed.  
4.2 Measurement Uncertainty Evaluation 
The measurement uncertainty has been estimated according to the ISO GUM (Guide to the expression of 
uncertainty in measurement). The statistical processing of series of experimental data obtained in the 
laboratory conditions has allowed a Type A uncertainty estimation. A more comprehensive Type B analysis 
has been performed using the Monte Carlo method, where a number of influencing parameters and 
disturbances which could affect the measurement system in a real-world application has been considered. 
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Figure 12. Calibration curve: Rising edge detection approach. 
 
Figure 13. Calibration curve: Cross-correlation approach. 
4.2.1 Type A uncertainty  
The regression of calibration data has allowed the statistical estimation of the Type A uncertainty of 
measurement, ,N (Table 2), with respect to the maximum torque achievable during operation (16 N m), 
which corresponds to 26 % of the torque meter full operating range. 
Table 2 Parameters of the two calibration curves and their Type A expanded uncertainty relative to the 
system full-scale torque, ,N. 
Method Linear Fit Equation R2 ,N [%] 
Rising Edge θ = 6.2687 10-3*T 0.999 ±0.30 
Cross-Correlation θ = 6.1303 10-3*T 0.996 ±0.86 
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For each case, the standard deviation of the input torque, , has been estimated by statistical analysis of the 
residuals of the M calibration data with respect to their interpolating line as:  
   1 − 2l#A\ − A$1Am/  (23) 
where  is the shaft relative twist predicted by the calibration line. The type A uncertainty relative to the 
system full-scale torque, ,N, associated with each approach has then been calculated, in compliance with 
the ISO GUM:1995 [29], as expanded uncertainty with a coverage factor k = 2, allowing for a 95 % 
confidence level, as: 
,NN	m  a (24) 
and expressed as a percentage of the measurement system full-scale torque, &'((_*+(, , as: 
,N%  ,NN	m&'((_*+(,N	m 100 (25) 
where:  
&'((_*+(,  &'((_*+(,\  (26) 
and &'((_*+(, is the measurement system full-scale twist output given in Table 1.  
In this analysis, the same statistical uncertainty has been assumed all over the entire operating range, even if 
this has been estimated by using available experimental data referring to the first 26% of the torque meter 
design range. 
The type A uncertainty analysis has taken into account experiments at various speed and torque levels, which 
were repeated over several days and performed by different operators. This provides information on 
repeatability and reproducibility of the proposed method. 
For the experimental set-up used in this work, the maximum measurable angular shift of the system 
corresponds to the full-scale input torque stnuv  62	N	m, which is approximately four times larger than 
the calibration range. Within this range the system has a resolution	 of 0.27	N	m if only one rising edge is 
used; however, the resolution decreases by ppr if the angular shift is determined by averaging a series of ppr 
angular shifts. In this case ppr=8 was used. 
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Unexpectedly, the cross-correlation approach results show a higher dispersion around their best fit curve 
when compared to the rising edge detection approach, resulting in higher uncertainty of the method (Table 
2). Cross-correlation underperforms with respect to direct timing because of the changes in duty cycle 
throughout one shaft revolution and the time shift introduced by the Schmidt trigger operating on an 
amplitude modulated photodetector signal. As mentioned, amplitude modulation may affect the optical 
signal because of possible vibrations, shaft misalignment or bending; all these phenomena would affect the 
sensor to shaft distance during shaft rotation. In these conditions, after the Schmidt trigger, the variation of 
duty cycle and time shift causes a displacement of the pulse centre equal to δd= (δtr + δtf.)/2, as shown in 
Figure 14. 
 
Figure 14. Effect of sensor to shaft distance variation on the optical probe output. 
Cross-correlation is more sensitive to pulse shape than rising edge timing. Moreover, cross-correlation is 
intrinsically sensitive to the position of the centre of each square pulse. These effects together explain the 
larger dispersion of data seen for cross-correlation whenever the optical signal experiences amplitude 
modulation and a Schmidt trigger is applied. It would therefore be expected that cross-correlation would 
better perform on the original photodetector signal, before being squared by the Schmidt, but this has not 
been implemented in this paper. 
4.2.2 Uncertainty analysis using Monte Carlo Method (MCM) 
The propagation of distributions through a mathematical model of the zebra tape torque meter system has 
been implemented by MCM for the evaluation of uncertainty of measurement according to the GUM:1995 
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Supplement 1 [30]. The measurement uncertainty evaluation has been performed with respect to a shaft 
rotational speed of 1700 rpm at which the maximum torque achievable during operation (16 N m) was 
measured. 
A mathematical model of the zebra tape torque meter, shown schematically in Figure 15, has been built to 
relate the output quantity T (i.e. the quantity intended to be measured) with the input quantities X (i.e. K, n 
and ∆t) upon which T depends. Table 3 summarises the model equations for the two approaches. 
 
Figure 15. Zebra tape torque meter model.  
Table 3. Measurement system model equations. 
Method Model 
Rising edge detection   	 2
60 ∆ccc: 
Cross-correlation   	 2
60 ∆+ 
The shaft torsional stiffness, K, has been estimated as the inverse of the slope of the rising edge calibration 
linear fit equation and its standard deviation,	, has been computed by Type A method according to the 
GUM [29], that is by performing a statistical analysis of the residuals of the M calibration data with respect 
to its inverse interpolating line   	 as: 
   1∑ 818m/ − B∑ 88m/ C1	 (27) 
The uncertainty of the shaft angular speed n is computed by Type A method, by performing a statistical 
analysis of the time series of experimental data from the torque test rig at steady state, according to the GUM 
[29]. The standard uncertainty sn is therefore computed as standard deviation of n, and results to be: 
  0.23	rpm (28) 
In the case of the rising edge approach, the Probability Density Function (PDF) for the time shift measured 
by direct timing of each pair of rising edges, EG7η9, has been computed through MCM, where 106 
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simulations have been performed to deliver a 95 % coverage interval for the output quantity according to 
[30]. In this case EG7η9 depends on the propagation through the model of the PDFs of the following 
independent input quantities (Figure 16), each with its own statistical dispersion: 
• the time interval between the optical probe samples, with an associated rectangular PDF and 2 4KL 
width, where: 
 /&KL  12 ∗ r23	 (29) 
• the zebra tape laser-printing resolution, with an associated rectangular PDF and 2 width, where, 
assuming a 1200 dpi laser printer, the printing tolerance, N, is given by: 
N  725.4 ∗ 10M91200  2.128 ∗ 10Mm	 (30) 
• the shaft cylindricity error, with an associated rectangular PDF and 2 width, where, assuming an IT8 
tolerance class of the shaft, its dimensional tolerance, ] is given by [31]; 
• the shaft radial movements (possibly due to vibrations), assumed to act in the direction perpendicular to 
the optical sensor axis, with associated Gaussian PDF and an assumed standard deviation of: 
  60 ∗ 10MDm	 (31) 
 
Figure 16. PDF propagation of the four independent input quantities to provide the PDF of ∆: (adapted 
from [30]). 
Table 4 summarises the input parameters contributing to the uncertainty of ∆:, ∆EG, each with its associated 
uncertainty intervals used in the model. The amplitude of these intervals has been assumed based on 
 hfg  fg
¡  ¡
¢  ¢
£  £
¤dk  7 hfg , ¡, ¢, £9
∆dk ¥
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knowledge of the technology implemented in the system; it is either the width of a flat PDF or the standard 
deviation of a Gaussian PDF, depending on the type of parameter. The table also provides a sensitivity 
analysis, that is an estimate of the contribution to the overall uncertainty budget for each input parameter, 
showing that the zebra tape laser-printing and the shaft cylindricity errors are the major contributors to ∆EG.  
Within each shaft revolution, the standard deviation of ∆ccc:, ∆EcccG, has then been then obtained through MCM 
as the average of the eight pulse train rising edges, ∆:, and  their PDFs, ∆EG. 
Table 4. Uncertainties and sensitivity analysis of the quantities contributing to ∆EG. 
Xj 
Standard 
deviation 
sj 
Half-width 
tolerance 
aj 
Sensitivity 
analysis 
¦r§ 8¨©
1 ¨1 Symbol Name 
1r23 Optical probe sampling frequency  4.00 ∗ 10MD	s 1.33 ∗ 10M/1	s 
p Zebra tape laser-printing  2.12 ∗ 10M	m * 2.76 ∗ 10M«	s 
d Shaft cylindricity error  33 ∗ 10MD	m * 4.30 ∗ 10M«	s 
v shaft movements 60 ∗ 10MD	m*  5.63 ∗ 10M/	s 
* Model assumption 
In the case of the cross-correlation approach, the same Gaussian PDF, with uncertainty ∆EG, has been 
assumed for all the time shifts measured between the rising and falling edges, respectively. Unlike the rising 
edge detection approach, in this case the standard deviation of ∆+, ∆Ey, has been obtained by type B 
analysis [29] as: 
∆Ey  	 ∆EG¬2	 (32) 
The PDF for T, 7η9, depends on the propagation through the model of the PDFs of the independent input 
quantities, K, n and ∆t (∆ccc: or ∆+, depending on the approach adopted) as described in Figure 17. 
Table 5 summarises the quantities used for the estimation of the uncertainty of T, , and their sensitivity 
analysis, showing that, in both approaches, the estimation of ∆ is the major contributor to  .   
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For both approaches, Table 6 shows the torque measurement type B expanded uncertainty at 95 % 
confidence level (i.e. corresponding to two standard deviations) obtained by applying the MCM in 
compliance with the ISO GUM [30] and expressed as a percentage of the system full-scale torque &'((_*+(,.   
 
Figure 17. PDF propagation of K, n and ∆t to provide the PDF of T through the zebra tape torque meter 
model (adapted from [30]). 
Table 5. Uncertainties and sensitivity analysis of the quantities contributing to . 
Xj 
Standard deviation 
sj 
Sensitivity analysis 
Symbol Name Value Rising edge Cross-correlation 
K Shaft torsional stiffness  159.523	 }N	mrad ~∗ 0.0077 }N	mrad ~∗ 5.965 ∗ 10M«	N	m 5.965 ∗ 10M«	N	m 
n Shaft rotational speed 1700	rpm∗  0.23	rpm∗ 4.686 ∗ 10MD	N	m 4.686 ∗ 10MD	N	m 
∆:ccccc Time shift measurement by direct timing of rising 
edges 
5.634 ∗ 10M°	s∗ 1.272 ∗ 10M	s∗∗ 0.131	N	m  
∆+cccc Time shift measurement by cross-correlation 5.509 ∗ 10M°	s∗ 1.273 ∗ 10M	s∗∗  0.137	N	m 
        *
 Experimental result; 
**
MCM result 
Table 6. Torque meter system Type B expanded uncertainty relative to the system full-scale torque, UMCM. 
Method UMCM [%] 
Rising Edge ±1.17 
Cross-Correlation ±1.19 
In both cases, the results show that the application of the MCM to a simplified model of the measurement 
system overestimates the overall uncertainty when compared to the type A uncertainty obtained by 
±  7², ³, ´d9
± ¥
²  ²
³  ³
¤d ¥
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experimental results, as reported in Table 2. The rising edge detection approach shows the larger difference 
between the values of UMCM and Uexp. Indeed, it is reasonable that a type A evaluation based on laboratory 
data underestimates uncertainty, given that MCM takes into account all possible sources of uncertainty 
which may occur in real-world applications and not in the controlled laboratory environment. This explains 
the lower value of uncertainty obtained through statistical processing of the experimental data. Therefore, the 
uncertainty estimated by MCM sets the maximum value of the system uncertainty attainable in practical 
applications. 
5. Results  
Tests have been performed to validate the proposed zebra-tape torque meter under both static and variable 
conditions. The torque measurements obtained by the zebra tape torque meter have been compared with 
measurements from the in-line torque transducer (Magtrol) which has been assumed as the reference system 
for all the experimental work, being a well-established state-of-the-art technique. Shaft speed was also 
recorded by the zebra tapes. 
5.1 Steady state tests 
Figure 18 shows speed and torque results for two steady state tests performed at 1700 rpm, 4 N m and 1900 
rpm, 10 N m.  
  
(a) (b) 
  
(c) (d) 
Figure 18. Optical system speed and torque measurement under steady state conditions: (a) and (c) 1700 rpm 
and 4 N m; (b) and (d) 1900 rpm and 10 N m. 
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Both the cross-correlation (azure line) and rising edge (red line) approaches show good agreement, on 
average, with reference transducer measurements (black dotted line) however the zebra tape data appears 
noisier. This is particularly apparent for torque measurements obtained by cross-correlation. The causes of 
noise in this data have been already outlined when showing the calibration results however it should also be 
noted that the reference transducer is sampled at a much lower rate, possibly reducing its own noise levels. 
The frequency at which noise appears for the optical system is significantly higher than any relevant 
frequencies expected in the mechanical torque signal therefore such noise could be reduced by low pass 
digital filtering. 
5.2 Variable torque and speed tests 
Finally, variable torque and speed tests have been performed to evaluate and compare the response of the 
two approaches. Figure 19 shows the effects of sharp step changes in torque.  
 
(a) 
 
(b) 
Figure 19. Optical system speed (a) and torque (b) measurements under sharp step torque changes. 
The shaft speed was initially set at around 1715 rpm and the torque first increased and then decreased in 
steps of approximately 2 N m, in the 0-15 N m operating range. Changes in speed are the result of applied 
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torque that were not countered by the variable speed drive. The zebra tape measurements allow tracking of 
the rotational frequency as well as the torque during the whole transient. The response of the zebra tape 
torque meter under variable torque and speed test conditions is sufficient to track the torque variations 
imposed on the shaft. Both the rising edge and cross correlation torque estimations follow the step changes 
well and without any timing delay. However, as already noted, the outputs are noisier, especially when the 
cross-correlation approach is applied. Low pass filtering would reduce this noise without affecting torque 
meter response in the band of frequencies of interest for mechanical torque measurements. 
Additional variable torque and speed tests have been performed by applying a harmonic input torque at three 
different frequencies (0.17 Hz, 0.30 Hz and 0.63 Hz) and at a peak-to-peak amplitude of approximately to 6 
N m (Figure 20 a-b), within experimental limitations. Again, the zebra tape torque meter shows a good 
response under harmonic changes of input torque, even if affected by greater high frequency noise in the 
case of the cross-correlation approach. 
 
(a) 
 
(b) 
Figure 20. Optical system speed (a) and torque (b) measurements under torque varying at three different 
frequencies (0.17 Hz, 0.30 Hz and 0.63 Hz). 
S
p
e
e
d
 [
rp
m
]
T
o
rq
u
e
 [
N
 m
]
Page 27 of 31 AUTHOR SUBMITTED MANUSCRIPT - MST-106662.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
pte
d M
an
us
cri
pt
Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes                           28 
 
6. Comparison with conventional twist angle measurement methods 
Similarly to the conventional twist angle measurement methods [7][13][14][15], the time shift between the 
signals recorded by the two zebra tape torque meter optical probes is a function of the twist of the shaft due 
to the applied torque. However, the non-intrusive system presented in this paper has the significant 
advantages of using less-intrusive, cheaper, easier and quicker to install equipment, making it suitable for a 
larger range of industrial applications, even in confined, challenging or sensitive operating environments, 
without any significant impact on shaft design and mechanical integrity. In addition to torque measurement, 
the zebra tape torque meter provides the shaft rotational speed, which allows the measurement of the 
mechanical power transmitted by the shaft. This results in a reduction in the number of sensors in the system 
and hence saving in space, weight and complexity, which is particularly important for many industrial 
applications, such as in the naval and wind energy sectors. The measurement system is reliable, robust and 
straightforward to use. The zebra tapes can be designed to be fitted or retrofitted on any shaft diameter and 
material, while all the electronic components remain on the static part of the system, making the system 
compatible with harsh and polluted environments. High measurement accuracy and resolution can be 
achieved by accurately designing the width of the zebra tape black and white stripes to suit the particular 
application. Thanks to the easy glue-on installation of the zebra tapes, the measurement system can be 
moved to other similar installations easily in a very short amount of time. This is ideal when torque 
monitoring forms part of the final check-out of multiple machines. By simply modifying the separation 
distance of the two zebra tapes along the shaft, when its length allows, different measurement sensitivities 
can be achieved according to the field application requirements. This would generally result in sensitivities 
higher than conventional optical torque measurement systems. 
7. Conclusions 
This paper presents a non-intrusive technique for shaft speed and torque measurement consisting of a set of 
two zebra tapes and optical probes, one at each end of the shaft. The method has been experimentally 
implemented and validated under both static and variable conditions. The following specific conclusions 
arise: 
Page 28 of 31AUTHOR SUBMITTED MANUSCRIPT - MST-106662.R2
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Ac
ce
pte
d M
an
us
cr
pt
Non-intrusive torque measurement for rotating shafts using optical sensing of zebra-tapes                           29 
 
• As the shaft rotates, each optical sensor generates a pulse train signal proportional to the light 
intensity reflected by the zebra tape stripes. Shaft rotational speed has been calculated by measuring 
the times at which the rising edges of the pulse trains occur.  
• Torque has been estimated by measuring the angle of twist from the pulse train time shift 
measurements through the application of rising edge detection and cross-correlation approaches. 
• The contactless, optical torque measurement system performance has been demonstrated by 
comparing the results from both approaches against reference measurements from an in-line torque 
transducer mounted on the test bench shaft. 
• Experimental measurements under steady state conditions, performed to calibrate the contactless 
system, show a linear relationship between torque and twist, in perfect agreement with theoretical 
predictions. 
• Uncertainty has been estimated according to the ISO GUM. Type A analysis of experimental data 
has provided an expanded uncertainty relative to the system full-scale torque, of ±0.30 % for the 
rising edge approach and ±0.86 % for the cross-correlation approach. Statistical variations of the 
parameters affecting system performance under real-world operating conditions have been simulated 
through the Monte Carlo method providing, in the worst case, an estimation of the system expanded 
uncertainty of ±1.19 %. 
• The higher uncertainty associated with the cross-correlation method is shown to be due to the 
combined effect of its higher sensitivity to the pulse shape and to the position of its centre. Low pass 
digital filtering would reduce the noise associated with the cross-correlation approach without 
affecting the torque meter response. 
• The rising edge and the cross-correlation torque measurements correlate closely with the in-line 
transducer measurements under both steady state and variable test conditions, although showing a 
higher level of noise.  
• Unlike conventional in-line torque transducers and the conventional strain gauge technique, the 
proposed zebra tape torque meter does not require costly embedded sensors, electronics or wires on 
the rotating shaft. Comparing with conventional twist angle measurement methods, the proposed 
methodology is less intrusive, simpler and cheaper to implement, making it suitable to a larger 
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variety of engineering applications. Measurement accuracy and resolution can be easily adapted to 
the field application requirements by carefully designing the zebra tapes and their separation along 
the shaft.  
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